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The  desire  to  convert  optical  energy  directly  Into  fuels  or  electricity  has 
led  to  the  rapid  development  of  photoelectrochemical  cells  (PECs).  A  typical  PEC 
consists  simply  of  a  semiconductor  electrode,  a  counterelectrode, and  an  electrolyte. 
The  semiconductor  is  the  key  element  of  the  PEC,  since  It  serves  In  the  dual 
capacities  of  photoreceptor  and  electrode.  Light  absorbed  by  the  semiconductor 
can  be  channeled  into  electrochemical  processes  leading  to  the  aforementioned 
energy  conversions.  Although  the  physics  governing  photoelectrochemical  phenomena 
has  been  elegantly  reviewed  (1,2),  a  brief  description  is  in  order. 

Photoelectrochemical  events  are  initiated  by  ultraband  gap  photons  which, 
when  absorbed  by  the  semiconductor,  produce  a  conduction  band  electron  and  valence 
band  hole.  The  difference  between  the  dark  and  illuminated  electrode  is  really 
the  difference  between  ground  and  excited  states,  respectively.  Figure  1  illustrates 
this  distinction  for  an  n-type  semiconductor.  Note  that  the  semiconductor  bands 
are  bent  in  parallel;  this  is  a  consequence  of  the  mismatch  in  chemical  potentials 
between  the  electrolyte  (redox  potential)  and  semiconductor  (Fermi  level).  Band 
bending  occurs  over  a  short  distance  (~1  y)  from  the  semiconductor-electrolyte 
interface  into  the  semiconductor  bulk  and  serves  to  equilibrate  the  chemical 
potentials  of  the  two  phases.  The  distance  over  which  band  bending  occurs  is 
termed  the  depletion  or  space-charge  region. 

Once  the  semiconductor  excited  state  has  been  populated,  band  bending  exerts 
considerable  influence  over  the  attendant  deactivation  processes.  In  particular, 
the  potential  gradient  inhibits  the  recombination  of  electron-hole  pairs  and 
promotes  their  separation:  The  conduction  band  electron  migrates  to  the  counter¬ 
electrode  where  it  reduces  an  electroactive  electrolyte  species,  and  the  valence 
band  hole  migrates  to  the  semiconductor-electrolyte  interface  where  it  accepts 
an  electron  from  an  electroactive  species,  thereby  oxidizing  it.  n-Type  semi¬ 
conductors,  the  most  commonly  used  photoelectrodes,  are  thus  photoanodes  and  dark 
cathodes. 
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A  major  obstacle  to  the  practical  utilization  of  these  concepts  is  the 
undesirable  oxidation  of  the  n-type  semiconductor  electrode  itself.  Typical  is 
the  case  of  CdS  which  undergoes  photoanodic  decomposition  via  equation  1  (3). 

CdS  — — >  Cd+2  +  S  +  2e'  (1) 

The  problem  is  minimized  by  choosing  electroactive  electrolyte  species  whose 
oxidation  is  kinetically  rapid  enough  to  quench  reaction  1.  For  example, 
sulfide  (S2  )  or  polysulfide  (S2")  electrolytes  greatly  inhibit  the  photoanodic 
dissolution  of  CdS  (4, 5, 6, 7, 8).  Polysulfide  species  can  be  oxidized  at  the 
photoanode  and  simultaneously  reduced  at  the  counterelectrode  to  yield  a  PEC  which 
exhibits  little  change  in  electrolyte  or  electrode  composition,  thus  permitting 
the  sustained  conversion  of  optical  energy  to  electricity.  This  concept  has 
been  used  to  construct  PECs  employing  a  variety  of  photoanodes  and  electrolytes 
(9-28). 

A  major  thrust  of  current  PEC  research  is  the  improvement  of  energy  conversion 
efficiency.  Central  to  this  goal  Is  an  understanding  of  the  semiconductor  excited 
state,  particularly  the  extent  to  which  its  deactivation  routes  might  be  amenable 
to  experimental  control.  The  semiconductor  excited  state  partitions  input 
optical  energy  into  several  pathways,  as  pictured  in  Figure  2.  A  broad  division 
into  non  radiative  and  radiative  relaxation  routes  is  especially  convenient. 

At  least  three  non-rad iatlve  mechanisms  for  deactivation  are  known:  heat 
(lattice  vibrations),  electrode  decomposition,  and  electrolyte  redox  reactions 
with  corresponding  rate  constants  k^,  k^,  and  kx,  respectively.  Heat  results  from 
the  non  radiative  recombination  of  photogenerated  electron-hole  pairs  and  Its  role 
in  PECs  has  not  been  explored.  Electrode  decomposition  and  electrolyte  redox 
reactions  are  also  non  radiative  but  result  from  separation  of  electron-hole  pairs, 
as  described  above.  The  rate  constants  kd  and  kx  are  strongly  Influenced  by 


the  choice  of  electrolyte  (29,30,31,32).  The  sum  (kd  +  kx)  is  reflected  In 
the  current  passed  in  the  external  circuit,  but  chemical  methods  of  analysis 
are  required  to  differentiate  between  the  two  current  sources.  For  CdS-based 
PECs  kd  dominates  kx  in  0H“  electrolyte,  whereas  the  opposite  is  true  in 
(poly)sulfide  media.  There  are  thermodynamic  potentials  (Ed  and  Ere(jox)  associated  with 
these  reactions  (29,33,34);  however,  the  significance  of  kinetics  is  underscored 
by  the  observation  that  diffusion  dependent  electrolyte  redox  processes  can  compete 
with  electrode  localized  decomposition.  Other  experimental  factors  which  can  affect 
kd  and  kx  are  excitation  intensity  and  electrode  potential  (1,5,6,33,34). 

Against  this  background  we  introduce  kr  which  represents  radiative  deactivation 
resulting  from  electron-hole  pair  recombination  processes.  Luminescence  is  a 
powerful  tool  for  characterizing  excited  states,  be  they  organic,  organometallic, 
or  solid  state  in  nature.  Emissive  properties  Including  spectral  distribution, 
lifetime,  and  quantum  yield  permit  the  calculation  of  rate  constants  and  the 
assessment  of  whether  a  given  reaction  is  possible  during  the  excited  state  lifetime. 
Although  a  vast  literature  exists  for  luminescent  semiconductors  (36,37),  very 
little  's  known  about  radiative  decay  in  the  context  of  a  PEC.  Studies  which  have 
been  carried  out  focus  on  electroluminescence  resulting  from  Injection  processes 
at  extreme  potentials  or  In  strongly  oxidizing  or  reducing  media  (38-44).  These  are 
frequently  transient  effects  and  not  appropriate  for  sustained  optical  energy  conversion 
One  photoluminescence  study  which  pre-dates  our  work  makes  use  of  n-  and  p-type 
GaP  photoelectrodes  (44).  Unfortunately,  n-GaP  Is  not  strongly  emissive  nor 
is  kd  negligible  In  the  media  employed  (32);  however,  some  interesting  results 
with  p-GaP  were  obtained  during  Its  use  as  a  photocathode  for  ^  evolution,  and 
these  will  be  discussed  later  (44). 

What  we  had  hoped  to  find  are  electrodes  which  emit  while  mimicking  the 
essential  features  of  electrodes  used  in  operating  PECs.  As  shown  in  Figure  3, 
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CdS  doped  with  either  Te  or  Ag  (CdS:Te,  CdS:Ag)  acts  as  just  such  a  dual  electrode¬ 
emitter.  We  find  that  CdS:Te  and  CdS:Ag  are  similar  to  undoped  CdS  electrodes  in 
their  ability  to  oxidize  aqueous  (poly)sulfide  and  (di)telluride  species  as  part 
of  degenerate  electrolysis  schemes  leading  to  sustained  conversion  of  optical 
energy  to  electricity. 

Emission  from  CdS:Te  and  CdS:Ag  involves  intraband  gap  electronic  states 
introduced  by  the  dopant.  Tellurium  is  thought  to  substitute  at  S  sites  and  to 
give  rise  to  states  -0.2  eV  above  the  valence  band  (45-52).  As  an  isoelectronic 
dopant,  Te  is  not  expected  to  alter  the  electrical  properties  of  CdS  appreciably. 
Because  it  has  a  smaller  electron  affinity  than  S,  Te  serves  as  a  trap  for  holes 
which  then  can  coulombically  bind  a  conduction  band  electron,  thus  forming  an 
exciton.  The  excitonic  binding  energy  is  -0.22  eV  so  that  appreciable  exciton 
concentrations  will  exist  at  room  temperature.  At  higher  Te  doping  levels  the 
exciton  is  thought  to  be  localized  over  several  nearest  neighbor  Te  atoms  with  a  higher 
binding  energy  (47,48).  Radiative  collapse  of  the  exciton  produces  the  observed 
luminescence.  We  have  used  melt-grown,  polycrystalline  material  which  is  nominally 
5-1000  ppm  Te. 

The  mechanism  by  which  CdS:Ag  emits  is  more  complex  and  depends  both  on 
the  presence  of  additional  impurities  and  on  whether  Ag  substitutes  at  Cd  sites 
or  interstitial ly  (53-59).  Substitution  for  Cd  would  make  Ag  an  acceptor  and 
thus  partially  compensate  the  material.  We  have  used  melt-grown,  polycrystalline 
10  ppm  CdS:Ag,  and  the  resistivity  of-lO^fl-cm  as  compared  to  -1  ft-cm  for 
undoped  CdS  (and  CdS:Te)  is  consistent  with  this  role  for  Ag. 

In  order  to  exploit  the  emissive  properties  of  CdS:Te-  and  CdS:Ag-based 
PECs,  the  cell  is  assembled  in  the  emission  compartment  of  a  spectrophotofluoro- 
meter.  Inclining  the  photoelectrode  at  -45°  to  both  a  laser  excitation  source 
and  the  emission  detection  optics  permits  the  sampling  of  front  surface  emission 
during  the  course  of  photoelectrochemical  events.  Thus,  changes  In  the  emission 
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spectrum  (5  nm  resolution)  and  intensity  can  be  monitored  in  situ.  The  excitation 
source  is  the  continuous  output  of  an  Ar  ion  laser.  Generally,  the  incident  power 

2 

was  ~ 1 -1 5  mW  which  in  the  ~3  mm  dia  beam  corresponds  to  intensities  of  ~14-212  mW/cm  . 
All  data  were  obtained  with  polycrystalline  CdS:Te  and  CdS:Ag  samples  from  Eagle-Picher 
Industries,  Miami,  Oklahoma.  The  grain  sizes  in  the  polycrystalline  samples  are 
estimated  to  be  3-8  mm.  Preparation  and  handling  of  the  (poly)sulfide  and  (di)telluride 
electrolytes  has  been  described  previously  and  differs  in  the  use  of  Ng  rather  than 
Ar  for  purging  (6), 

As  will  be  described  below,  the  key  finding  that  we  have  made  is  that  the 
emission  from  CdS:Te  and  CdS:Ag  photoelectrodes  is  a  very  sensitive  probe  of 
recombination  processes  within  the  depletion  region  and  hence  of  the  semiconductor 
excited  state.  Our  results  thus  far  are  consistent  with  the  aforementioned  band 
bending  arguments  used  to  interpret  photoelectrochemical  phenomena.  Importantly, 
we  present  evidence  that  experimental  parameters  such  as  electrode  potential, 
electrolyte  and  excitation  wavelength  may  be  used  to  manipulate  the  semiconductor 
excited  state  processes  and  thus  influence  the  course  of  optical  energy  conversion. 
Results  and  Discussion 
(a)  Stability 

As  a  first  step  In  characterizing  CdS:Te-  and  CdS:Ag-based  PECs,  we  wished 
to  determine  the  extent  to  which  they  share  mutual  electrochemical  processes 
with  undoped  CdS.  All  three  electrode  materials  undergo  photoanodic  dissolution 
in  OH"  electrolyte  according  to  equation  (1).  Since  CdS  photoelectrodes  are 
stabilized  by  (poly)sulfide  and  (di)tellurlde  electrolytes,  we  investigated 
whether  CdS:Te  and  CdS:Ag  are  rendered  stable  by  these  media  using  variations 
in  electrode  weight,  surface  quality,  photocurrent  and  luminescence  as  criteria. 

In  the  kinetic  scheme  of  Figure  2, we  are  seeking  evidence  that  kx»kd. 

The  first  criterion  of  stability  is  met  if  there  Is  no  appreciable  weight 
loss  after  sufficient  current  has  passed  in  the  external  circuit  to  decompose 
part  or  all  of  the  electrode.  Data  in  Table  I  indicate  that  this  is  the  case 
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for  CdS:Te  and  CdS:Ag  electrodes  in  S27SR2  and  Te2'/Te22"  electrolytes.  The  minimal 
weight  losses  observed  result  primarily  from  chipping  of  the  electrode  when  it  is 
demounted.  All  of  the  experiments  listed  in  Table  I  were  conducted  with  the  electrode 
at  zero  or  negative  bias;  under  these  conditions  optical  energy  is  converted  to 
electricity,  if  the  only  electrochemistry  corresponds  to  offsetting  oxidation  and 
reduction  of  polychalcogenide  species  (Figure  3). 

A  discussion  of  surface  quality  should  be  prefaced  with  a  description  of 
sample  preparation.  The  ''as  received''  polycrystalline  samples  of  CdSrTe  and  CdS:Ag 
used  in  this  study  were  etched  in  cone.  HC1  prior  to  being  used  as  electrodes.  This 

generally  has  the  effect  of  increasing  emission  intensity  while  leaving  the 
spectral  distribution  intact. 

Depending  upon  the  PEC  conditions  and  the  sample  employed,  we  see  variable 
degrees  of  surface  damage.  At  sufficiently  high  light  intensities  (  >50  mW/cm  ) 
and  positive  voltages  (  >-0.3  V  vs  SCE)  in  (poly)sulfide  electrolytes,  we 

occasionally  encounter  darkening  of  Cd$:Ag  and  CdSrTe  surfaces.  Even  avoiding  these 
conditions,  though,  there  is  likely  some  surface  reorganization  and  we  sometimes 
see  discolored  electrode  surfaces.  Recent  studies  of  CdSe  electrodes  in  polysulfide 
electrolyte  indicate  that  substitution  of  surface  Se  sites  by  S  occurs  (19,60). 

A  similar  exchange  Involving  Te  Is  plausible  as  is  another  surface  reorganization 
mechanism  based  on  the  propensity  of  CdTe  to  undergo  photoanodic  dissolution  in 
(poly)sulfide  media  via  equation  2  (6,9).  It  is  possible  that  the  HC1  etch  leaves 

CdTe  — - >  Cd+2  +  Te  +  2e"  (2) 

a  Te-rich  surface  which  could  then  undergo  exchange  and/or  photoanodic  decomposition. 
Consistent  with  the  latter  mechanism  Is  the  relative  lack  of  surface  damage  we 
observe  in  (di)telluride  media.  Both  CdS  and  CdTe  are  known  to  be  stabilized  by 
Te2"  and  Te2“/Te22"  electrolytes  (6).  We  find,  however,  that  CdS:Ag  exhibits  similar 
properties  with  regard  to  surface  stability  as  CdS:Te  so  that  the  role  of  Te 


is  not  resolved. 
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The  variation  in  surface  stability  is  repeated  in  the  temporal  characteristics 
of  photocurrent  and  luminescence.  In  (poly)sulfide  electrolyte  nominally  identical 
samples  of  CdS:Te  or  CdS:Ag  have  displayed  both  stable  and  unstable  photocurrents 
and  emissive  properties.  Declining  photocurrents  and  emission  intensity  are 
usually  accompanied  by  the  aforementioned  surface  deterioration.  Certainly  one 
of  the  disadvantages  of  the  polycrystalline  material  used  in  this  study  is  its 
nonuni formity.  In  particular,  grain  boundaries  are  notorious  sources  of  discontin¬ 
uous  behavior  (61).  Since  we  do  not  know  the  surface  composition  of  the  etched 
CdS:Te  and  CdS:Ag  electrodes,  we  are  reluctant  to  make  a  definitive  statement 
regarding  their  stability  in  (poly)sulfide  media.  It  can  certainly  be  argued  that 
the  intraband  gap  states  might  influence  the  kx  -  k^  competition.  We  suspect  that 
the  samples  which  yield  the  most  stable  properties  may  have  surfaces  much  like 
undoped  CdS.  Doped  materials  with  thse  surfaces  could  still  emit,  since  the  bulk 
of  the  excitation  beam  is  absorbed  beneath  the  surface.  The  studies  reported  here 
for  (poly) sulfide  electrolytes  have  been  conducted  with  samples  exhibiting  stable, 
reproducible,  photocurrent  and  emissive  properties. 

There  is  less  ambigultiy  in  (di)telluride  electrolyte.  We  generally  see 
stable  photocurrents,  emission  and  surface  properties,  although  at  higher  intensities 

there  are  often  slow  monotonic  declines  in  photocurrent  and  luminescence.  There  is 

2-  2- 

obvious  evidence  for  the  competitive  oxidation  of  colorless  Te  to  purple  Teg 
2-  2- 

or  of  either  Te  or  Teg  to  Te:  at  high  light  intensities  the  emission  is  masked 

2_ 

by  a  layer  of  Te  and/or  Teg  which  can  be  swept  away  by  greater  stirring  rates. 

The  visual  evidence  for  oxidation  of  Sn  is  obscured  because  the  emitting  electrode 
and  electrolyte  are  of  similar  color.  However,  we  have  observed  yellowing  of  the 
initially  colorless  S2'  solutions  as  Sn?"  forms  under  PEC  conditions.  Taken  as  a  unit, 
the  data  argue  strongly  for  stability  of  CdS:Te  and  CdS:Ag  in  (di)telluride  electrolytes; 
for  oolysulfide  electrolytes  sustained  photocurrents  and  minimal  weight  loss  with 


these  electrodes  may  be  obtained,  but  there  is  strong  evidence  that  surface 
reorganization  processes  are  involved.  Experiments  designed  to  clarify  the 
complications  observed  in  (poly) sulfide  media  are  in  progress. 

(b)  Optical  Properties 

As  described  in  the  introduction,  the  semiconductor  excited  state  is  reached 
by  absorption  of  ultraband  gap  photons.  Undoped  CdS  has  a  band  gap  of  -2.4  eV 
and  hence  a  fundamental  absorption  edge  at  -520  nm  (62).  The  absorption  onset 
is  very  sharp  because  CdS  is  a  direct  band  gap  material.  Absorption  spectra  of  single 
crystal  CdS:Te  samples  have  their  onset  red-shifted  due  to  an  absorption  shoulder; 
the  effect  of  increasing  Te  concentration  is  to  extend  this  shoulder  deeper  into  the 

red  (46,47,62).  Spectra  which  we  have  obtained  for  100  and  1000  ppm  CdS:Te  are 

presented  in  Figure  4.  Although  these  spectra  were  obtained  from  polycrystalline 
samples,  they  are  at  least  qualitatively  in  agreement  with  the  reported  single  crystal 
data  in  shape  and  color;  there  is  an  obvious  visual  difference,  since  the  yellow 
undoped  CdS  becomes  orange  at  5-100  ppm  CdS:Te  and  red  at  1000  ppm  CdS:Te.  Similarly, 

10  ppm  CdS:Ag  is  red  and  100  ppm  CdS:Ag  is  brown-black.  In  effect  the  shoulder  masks 

the  band  edge  and  hence  the  value  Egg,  the  band  gap  energy. 

What  primarily  distinguishes  CdS:Te  and  CdS:Ag  from  undoped  CdS  is  their  ability 
to  emit  while  they  serve  as  electrodes.  In  Figure  5  we  present  emission  spectra  taken 
at  293°K  for  5,  100,  1000  ppm  polycrystalline  CdS:Te  and  for  10  ppm  polycrystalline 
CdS:Ag.  A  systematic  study  of  single  crystal,  CdS:Te  emission  spectra  has  shown  that 
peak  position  and  half-width  may  be  correlated  with  doping  levels  in  these  samples  (48). 
Our  results, though  uncorrected  for  detector  response, are  qualitatively  in  agreement: 
the  5  and  100  ppm  emission  spectra  are  very  similar  with  a  peak  maximum  at 
-600  nm,  but  there  is  a  definite  red  shift  of  the  emission  maximum  to  -650  nm  for 
1000  ppm  CdS:Te.  The  emission  itself  varies  from  yellow-orange  to  red-orange  in 
passing  from  the  5,  100  ppm  to  the  1000  ppm  CdS:Te.  For  CdS:Ag  we  observe  reddish 


emission  and  the  band  maximum  appears  at  -690  nm. 

We  were  particularly  Interested  In  determining  whether  the  PEC  environment 
perturbed  the  emission  spectra  of  the  doped  CdS  samples.  Typical  results  are 
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given  in  Figure  6  which  shows  a  sequence  of  emission  spectra  for  5  ppm  CdS:Te 
taken  without  electrolyte,  with  polysulfide  electrolyte  (1M  0H“/1M  S^"/1M  S) 
but  out  of  circuit,  and  in  circuit  in  the  same  electrolyte  at  -0.74  V  vs.  SCE. 

Note  that  except  for  the  change  in  intensity,  the  emission  spectra  are  essentially 
identical.  We  interpret  this  to  mean  that  the  intraband  gap  states  responsible 
for  luminescence  are  influenced  in  the  same  manner  as  the  conduction  and  valence 
bands  and  thus  would  undergo  parallel  band  bending. 

Additional  evidence  supporting  this  interpretation  is  provided  by  Figure  7.  Here 
the  emission  of  a  100  ppm  CdS:Te  photoelectrode  is  recorded  at  -0.3, -0.8,  and  -1.0  V 
vs  SCE  in  polysulfide  electrolyte.  Again,  although  the  emission  intensity  changes, 
the  spectrum  does  not.  Application  of  negative  bias  to  an  n-type  semiconductor 
diminishes  the  amount  of  band  bending;  conversely,  positive  bias  increases  band 
bending  (  1  ).  Invariance  of  the  emission  spectrum  under  conditions  where  band 
bending  has  been  altered  is  thus  consistent  with  parallel  behavior  between  dopant 
states  and  the  valence  and  conduction  bands.  We  should  also  mention  that  the 
spectral  distribution  of  emission  appears  to  be  independent  of  excitation  wave¬ 
length  for  the  laser  lines  we  normally  employ:  488.0,  496.5,  501.7  and  514.5  nm. 

We  have  used  these  wavelengths  as  the  basis  of  photoaction  and  excitation 
spectra.  Table  II.  There  is  generally  a  marked  decline  in  photocurrent  in  passing 
from  what  are  certainly  ultraband  gap  energies  (488.0,  496.5,  501.7  nm)  to  514.5  nm. 
The  data  in  Table  II  were  obtained  in  optically  transparent  sulfide  electrolyte 
at  -0.4  V  vs  SCE  at  roughly  equivalent  intensities  for  each  of  the  four  wavelengths. 
Photocurrents  from  501.7  nm  excitation  are  ~4.5  to  10  times  those  resulting  from 
514.5  nm  excitation.  Table  II.  For  undoped  single  crystal  CdS  the  corresponding 
experiment  was  reported  to  yield  a  similar  photocurrent  ratio  of  7-13  for  excitation 
at  these  same  two  wavelengths  (5).  Therefore,  although  the  aborption  spectra  of 
doped  and  undoped  CdS  differ  (vide  supra)  the  fundamental  absorption  edge  may 
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have  the  same  wavelength  dependence,  i.e.,  the  band  gaps  might  be  identical. 

Complete  photoaction  and  excitation  spectra  must  be  obtained  to  clarify  this 
point,  however,  and  such  studies  are  in  progress. 

By  measuring  the  emission  intensity  and  photocurrent  simultaneously,  their 
relationship  as  a  function  of  wavelength  can  be  examined.  Alongside  the  photo¬ 
current  data  in  Table  II  are  the  corresponding  emission  intensities  measured 
both  in  and  out  of  circuit.  Two  general  trends  are  discernible.  One  is  that  the 
emission  intensity  increases  with  wavelength  and  the  other  is  that  the  in  circuit 
values  are  substantially  lower  than  out  of  circuit  values  except  at  514.5  nm 
where  the  difference  is  small. 

In  the  region  of  what  appears  to  be  the  band  gap,  then,  there  is  an  inverse 
relationship  between  photocurrent  and  luminescence  intensity.  The  penetration  depth 
of  the  excitation  beam  is  a  significant  factor  in  explaining  all  of  the  phenomena  we 
observe.  Literature  values  for  undoped  CdS  and  CdS:Te  indicate  that  the  300°K 
absorptivity,  a,  at  514  nm  is  about  103  cm'1  vs.  ~1 0^-10^  cm"1  at  502  nm  and  shorter 
wavelengths  (46,47,62).  Electroabsorption  measurements  on  undoped  CdS  suggest  that 
there  should  be  little  variation  of  a  with  electrode  potential  (63).  The  excited  state 
deactivation  rate  constants  pictured  in  Figure  2  should  be  very  dependent  on  position, 
since  band  bending  decreases  with  distance  from  the  semiconductor-electrolyte  interface. 
We  would  a  priori  predict  that  electron-hole  pairs  produced  outside  the  depletion  region 
are  more  likely  to  radiatively  recombine  than  those  produced  within  the  depletion  region 
which  can  more  readily  separate  to  produce  photocurrent.  Since  a  greater  fraction  of 
514.5  nm  than  ultraband  gap  light  will  be  absorbed  outside  the  depletion  region,  the 
low  energy  photons  should  be  more  effective  at  yielding  emission  and  less  effective 
at  producing  photocurrent  than  ultraband  gap  photons. 


The  in  and  out  of  circuit  trends  may  also  be  interpreted  in  this  manner.  Taking 
the  electrode  out  of  circuit  removes  deactivation  routes  corresponding  to  electron-hole 
separation  and  thus  increases  the  probability  for  deactivation  via  the  remaining 
pathways.  Since  photocurrent  is  least  important  as  a  decay  route  for  514.5  nm 
excitation,  the  difference  between  in  and  out  of  circuit  emission  should  be  smallest, 
as  is  observed.  Although  this  logic  intimates  at  a  direct  trade-off  between  emission 
and  photocurrent,  the  data  in  Table  II  are  evidence  that  this  need  not  be  so.  The 
declines  in  emission  intensity  with  wavelength  may  well  be  due  to  surface  traps 
which  promote  non  radiative  electron-hole  pair  recombination  and  can  be  expected 
to  play  a  more  significant  role  as  the  penetration  depth  decreases  (64). 

One  further  point  concerns  the  long  wavelength  extreme.  We  have  actually 
observed  emission  out  as  far  as  ~540  nm  beyond  which  emission  intensity  becomes 
limited  by  the  optical  density  of  the  sample.  This  is  possible  evidence  that  the 
absorption  shoulder  corresponds  to  the  emitting  excited  state.  If  this  were  the  case, 
then  an  alternate  explanation  for  the  decline  of  emission  intensity  with  wavelength 
is  simply  that  the  absorption  band  leading  to  emission  has  peaked  and  fallen.  A 
complete  excitation  spectrum  could  reveal  the  shape  of  this  band,  since  most  of  it  is 
buried  beneath  the  direct  band  gap  transition. 

(c)  Current -Voltage -Emission  Properties 

Undoubtedly  the  most  significant  feature  of  the  luminescent  photoelectrodes 
is  the  opportunity  they  afford  to  examine  the  interplay  of  radiative  and  non-radiative 
excited  state  deactivation  routes.  As  described  in  the  Introduction,  the  PEC  can 
be  assembled  inside  the  sample  chamber  of  an  emission  spectrophotofluorometer  so 
that  front  surface  emission  may  be  monitored  during  PEC  operation.  A  standard 
three  electrode  geometry  was  used  in  conjunction  with  a  PAR  potentiostat  which 
regulates  the  photoelectrode  potential  vs.  an  SCE.  A  1.5x  0.9  cm  Pt  foil 
served  as  the  counterelectrode.  The  photoelectrodes  were  Irregularly  shaped  but 
often  small  enough  to  be  completely  illuminated  by  the  3  mm  dia  laser  beam. 
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Electrodes  which  were  larger  than  the  excitation  beam  were  also  used.  In  this 
case  excitation  at  a  spot  on  the  surface  results  in  emission  over  the  entire  sample 
surface.  There  are  at  least  three  explanations  for  this.  The  first  is  that  excitons 
may  migrate  and  radiatively  recombine  throughout  the  sample.  We  expect  exciton 
diffusion  lengths  to  be  small  at  room  temperature,  but  to  our  knowledge  they  have  not 
been  measured  for  CdStTe  and  CdS:Ag.  We  cannot,  therefore,  rule  this  out.  A  second 
possibility  involves  re-absorption  and  re-emission  of  emitted  light  enough  times 
to  transport  it  throughout  the  sample.  Since  most  of  the  emitted  light  is  not 
appreciably  absorbed  by  the  sample,  we  think  that  this,  too,  is  unlikely  but  still 
possible.  The  most  plausible  explanation,  we  feel,  is  simply  that  the  emitted  light 
is  scattered  to  the  extent  that  it  emerges  throughout  the  sample.  Some  role  may  be 
played  by  grain  boundaries  In  this  process.  In  several  samples  where  obvious 
grain  boundaries  exist,  we  find  luminescence  only  within  the  irradiated  grain; 
emission  ceases  abruptly  at  the  boundary.  In  this  sense  the  boundary  may  be 
acting  as  a  trap  for  nonradiative  recombination  if  migration  processes  are  involved 
or  as  a  reflecting  or  absorbing  surface  if  scattering  is  the  dominant  mechanism. 

In  either  case  grain  boundaries  are  not  a  requirement  for  emission;  we  have  recently 
obtained  single  crystals  of  100  ppm  CdS:Te  (vide  infra)  which  exhibit  the  same 
emission  spectrum  and  this  same  phenomenon  of  global  emission  from  local  excitation. 

The  crucial  finding  with  regard  to  PECs  is  that  electrode  potential  influences 

both  photocurrent  and  luminescence  efficiency.  A  typical  set  of  results  is  presented 

-  2- 

in  Figure  8  for  a  100  ppm  CdS:Te  photoelectrode  and  1M  OH  /1M  S  /0.2M  S  electrolyte. 
With  496.5  nm  ultraband  gap  excitation  the  photocurrent  declines  with  increasingly 
negative  potential,  eventually  reaching  zero  at  —1.1  V  vs  SCE.  Over  the  same 
potential  range  the  emission  intensity  more  than  doubles!  We  have  chosen  the 
expedient  of  monitoring  emission  Intensity  at  the  band  maximum  of  600  nm,  since 
the  spectrum  Is  Independent  of  potential  (vide  supra). 
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The  data  presented  in  Figure  8  is  reminiscent  of  the  results  presented  in 
the  preceding  section  insofar  as  emission  is  concerned.  Out  of  circuit  emission 
values  such  as  those  given  in  Table  II  should  correspond  to  the  emission  intensity 
at  zero  photocurrent,  the  point  where  the  current- voltage  curve  intercepts  the 
voltage  axis.  Recall  that  the  out  of  circuit  and  in  circuit  values  were  most 
similar  for  514.5  nm  excitation  and  quite  disparate  for  ultraband  gap 
irradiation.  Complete  current-voltage-emission  data  should  reflect  this  relation¬ 
ship. 

The  direct  comparison  is  afforded  by  Figure  9  which  is  based  on  a  10  ppm  CdS:Ag 
_  2- 

photoelectrode  in  1M  OH  /1M  S  /0.2M  S  electrolyte.  Comparable  intensities  of 
496.5  and  514.5  nm  excitation  result  in  dramatically  different  photocurrent- 
luminescence  properties.  With  respect  to  photocurrent,  ultraband  gap  496.5  nm 
excitation  yields  substantially  larger  photocurrents  than  band  gap  edge  514.5  nm 
light.  The  maximum  output  voltage  for  a  given  intensity  Ey,  defined  as  the 
difference  between  the  voltage  at  which  zero  photocurrent  obtains  and  the  value  of 
Eredox’  ls  ~500  mV  for  496,5  nm  ^9^t  and  ~320  mV  for  514.5  nm  excitation  from 
Figure  9.  The  wavelength  dependence  of  photocurrent  and  output  voltage  has  been 
reported  for  several  n-type  semiconductor  photoelectrodes;  larger  values  for  both 
are  obtained  with  ultraband  gap  photons  than  with  band  gap  edge  photons  because 
of  the  different  fractions  of  light  absorbed  within  the  depletion  region  (5,6,10). 

As  the  photocurrent  in  Figure  9  declines  to  zero  in  passing  to  increasingly 
negative  potentials,  the  emission  intensity  increases  by  up  to  50%  with  496.5  nm 
excitation,  and  drops  slightly  (-6%)  with  514.5  nm  excitation.  The  emission 
intensities  at  the  two  wavelengths  of  Figure  9  are  about  the  same  because  the 
496.5  nm  excitation  is  slightly  more  Intense  after  correction  for  electrolyte 
absorption.  For  identical  excitation  intensities  we  normally  see  less  luminescence 
intensity  at  496.5  nm  than  at  514.5  nm  (Table  II).  The  dramatic  difference  in 
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luminescence  intensity  with  electrode  potential  at  these  two  wavelengths  has  been 
observed  by  us  with  all  of  the  electrode  materials  used  and  in  both  sulfide  and 
polysulfide  electrolytes.  Generally  the  percentage  increase  in  luminescence  in  passing 
to  the  negative  extreme  of  the  current-voltage  curve  is  15-100%  with  ultraband  gap 
excitation  wavelengths  of  4G8.0,  496.5,  and  501.7  nm.  Exciting  with  514.5  nm  yields 
less  than  6%  changes  and  these  are  often  declines.  This  trend  persists  even  at 
514.5  nm  light  intensities  which  are  sufficiently  high  to  produce  photocurrents 
comparable  to  those  achieved  with  lower  intensity  ultraband  gap  excitation.  Again, 
we  ascribe  this  difference  to  the  smaller  fraction  of  incident  light  absorbed  within 
the  depletion  region.  Essentially,  a  greater  fraction  of  light  is  then  absorbed  in 
a  region  of  less  band  bending,  a  region  where  the  excited  state  deactivation  rate 
constants  should  be  more  insensitive  to  changes  in  electrode  potential. 

To  further  probe  the  generality  of  this  phenomenon, a  similar  experiment 

was  conducted  in  ditelluride  electrolyte.  Figure  10.  The  electrode  is  5  ppm 

CdS:Te.  At  comparable  incident  intensities  of  496.5  and  514.5  nm  light, 

approximately  20%  and  3%  Increases  in  emission  intensity  occur  over  the 

range  of  -0.7  to  -1.2  V  vs.  SCE,  respectively.  It  would  be  difficult  to 

predict  a  priori  how  the  luminescence  in  ditelluride  would  differ  from  that  observed 

in  polysulfide.  If  all  of  the  rate  constants  of  Figure  2  were  identical  for  the  two 

electrolytes,  then  there  should  be  an  exact  correspondence  between  the  current- 

voltage-emission  curves.  This  assertion  assumes  that  CdS:Te  and  CdS:Ag  behave 

as  undoped  CdS  for  which  the  conduction  and  valence  band  energies  have  been 

determined  to  be  independent  of  polychalcogenlde  electrolyte  (6).  Of  course,  the 

2-  2- 

~0.4  V  difference  in  Ere(jox  energies  means  that  output  voltages  in  Te  /Teg 
electrolyte  will  be  considerably  reduced  relative  to  polysulfide  media.  Our  data 
thus  far  Indicates  similar  features  for  the  two  electrolytes,  but  considerably 
more  data  needs  to  be  collected  before  comparisons  can  be  comfortably  made. 
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Although  the  figures  themselves  are  illustrative,  we  should  comment  on  the 
range  of  conditions  employed  for  which  at  least  two  features  are  noteworthy.  First, 
the  kinds  of  percentage  increases  in  emission  which  we  observe  have  been  obtained 
at  various  sweep  rates  and  with  point-by-point  equilibration.  The  difference  in 
emission  at  maximum  and  near-zero  photocurrents  is  easily  observed  visually  by  pulsing 
the  electrode  between  the  appropriate  potentials.  We  also  have  confidence  that  the 
effect  is  real  because  it  is  reproducible  either  point-by-point  or  in  the  reverse 
sweeping  of  potential.  In  some  cases  we  have  swept  through  the  potential  range 
many  times  in  succession  and  still  see  the  same  variation  in  emission  and  photocurrent. 

The  other  feature  of  interest  is  that  the  different  doping  levels  of  CdS:Te 
and  10  ppm  CdS:Ag  all  show  similar  effects.  We  believe  that  the  mechanism  by  which 
luminescence  occurs  is  likely  different  for  the  two  dopants,  and  it  is  therefore 
significant  that  they  exhibit  the  same  kinds  of  potential  and  wavelength  dependence  of 
emission  intensity.  This  observation  leads  us  to  believe  that  luminescence  will  be 
a  very  general  probe  of  recombination  processes  in  PECs. 

(d)  Efficiency. 

A  complete  characterization  of  the  semiconductor  excited  state  really  requires 
a  detailed  energy  balance.  Although  the  Input  optical  energy  is  easily  measured 
with  a  radiometer,  each  of  the  dissipation  pathways  shown  in  Figure  2  involves  a 
different  technique  for  its  determination.  At  this  point  we  are  able  to  accurately 
determine  the  efficiency  of  electrochemical  redox  processes  and  to  estimate  the 
efficiency  of  luminescence,  processes  governed  by  kx  and  kf,  respectively.  In 
principle, the  efficiency  of  non  radiative  recombination  could  be  estimated  by 
difference,  assuming  that  k^,  kx,  and  kr  represent  the  only  significant  deactivation 
routes. 

For  the  degenerate  electrolysis  pictured  In  Figure  3,  the  current-voltage 
curve  permits  calculation  of  the  efficiency  at  which  optical  energy  is  converted 
directly  to  electricity.  Since  the  Pt  counterelectrode  is  at  Ere(jox»  passage 
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of  photoanodlc  current  at  potentials  equal  to  or  negative  of  this  value  represents 
optical  energy  conversion  (4).  The  maximum  product  of  photocurrent  and  output  voltage 
is  the  maximum  power  output,  and  division  by  input  optical  power  yields  the 
efficiency,  n. 

In  Table  III  we  have  compiled  typical  efficiencies  for  CdS:Te  and  CdS:Ag-based 
PECs  in  polysulfide  media.  Note  that,  in  general,  they  do  not  exceed  1%  and  are 
therefore  significantly  lower  than  the  -5%  efficiency  observed  for  ~500  nm  mono¬ 
chromatic  light  with  single  crystal  undoped  CdS  electrodes  (5).  We  attribute  this 
to  both  the  polycrystallinity  of  the  materials  and  the  surface  quality.  On 
occasion  we  have  seen  efficiencies  which  are  comparable  to  the  undoped  single 
crystal  values;  they  have  been  more  the  exception  than  the  rule,  however. 

The  efficiency  is  really  given  by  equation  (3)  where  *x  *  kx/£k^ 

i 

4  E 
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the  quantum  efficiency  for  electron  flow  in  the  external  circuit.  The  maximum 
value  of  $x  is  1.0;  for  Ey  it  is  the  band  gap  energy,  E^..  Table  III  reveals  that 
both  4>x  and  Ey  are  at  best  a  tenth  of  the  maximum  values  and  are  thus  jointly 

responsible  for  the  poor  efficiencies.  Much  lower  efficiency  in  Te  /Te2  relative 

7  7- 

to  S  /S  is  expected  on  the  basis  of  less  band  bending,  a  result  of  the  more 
negative  value  of  Ere<jox  (-1.1  vs  -0.7  V  vs  SCE). 

Determining  the  luminescence  efficiency  is  difficult  because  of  its  spatially 
diffuse  nature.  We  have  employed  two  techniques  for  estimating  its  magnitude.  The 
first  method  provides  an  upper  limit  of  emission  efficiency  by  finding  physical 
conditions  which  produce  more  Intense  emission  from  the  same  excitation  intensity.  In 
agreement  with  the  literature  (46,47,48  ),  we  have  found  that  simply  lowering  the 
temperature  to  77°K  generally  produces  such  changes.  Figure  11  depicts  the  emission 
spectral  changes  resulting  from  decreasing  the  temperature.  Althouqh  the  peak  position 
of  the  50  ppm  CdS:Te  sample  does  not  change  very  much,  the  peak  sharpens  and  Increases 
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in  intensity  dramatically.  Integration  of  the  peak  areas  indicates  an  -40-fold 
increase  in  intensity  upon  cooling  and  thus  sets  an  upper  limit  of  0.025  for  emission 
quantum  efficiency  at  room  temperature.  Data  in  Table  III  show  that  for  the  samples 

examined,  maximum  values  of  $r  determined  in  this  manner  are  0.01-0.10. 

We  have  effectively  defined  the  emission  quantum  yield  as  (photons  emitted)/ 
(photons  absorbed).  However,  in  the  context  of  a  PEC  an  equally  satisfying 
measure  would  be  (energy  emitted)/ (energy  absorbed).  The  direct  interconversion 
of  definitions  necessitates  Integration  over  the  spectral  distribution  of  Knitted 
light.  We  have  sidestepped  this  problem  by  using  a  radiometer  with  flat  wavelength 
response  to  sample  the  emitted  light  from  the  back  side  of  a  flat  electrode. 
Correcting  for  the  fraction  of  emitted  light  sampled  and  assuming  isotropic 
luminescence,  we  then  typically  find  values  of  0. 1-1.0%  efficiency  for  the  conversion 
of  input  optical  energy  to  emission  in  electrolytes  of  (poly)sulfide.  This  range 
is  certainly  consistent  with  the  upper  limits  set  forth  in  Table  III.  Therefore, 
although  it  is  not  the  dominant  pathway,  radiative  deactivation  can  be  a  significant 
route  for  energy  dissipation  for  the  CdS:Te  and  CdS’.Ag  excited  states. 

The  dominant  deactivation  mechanism  is  non  radiative  electron-hole  recombination 
based  on  the  low  efficiencies  of  emission  and  photocurrent.  As  was  mentioned  before, 
it  is  this  feature  which  masks  the  extent  to  which  energy  trade-offs  exist  between 

luminescence  and  photocurrent.  Figures  8-10  confirm  the  data  of  Table  II  which 
show  that  an  inverse  potential  dependence  between  emission  and  photocurrent  does 

not  always  exist.  At  high  excitation  intensities  we  have  on  occasion  seen  the 
emission  intensity  plateau  at  negative  potentials  as  shown  in  Figure  9  or  peak 
and  then  decline  at  still  more  negative  potentials.  It  is  intriguing,  however, 
that  there  Is  a  large  potential  and  hence  band  bending  range  over  which  both 
photocurrent  and  emission  Intensity  are  relatively  constant  and  that  both  deviate 
from  this  plateau  at  about  the  same  potential.  A  complete  interpretation  of  all 
these  observations  awaits  the  evaluation  of  all  of  the  rate  constants  of  Figure  2. 
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Summary  and  Perspective 

We  believe  that  the  luminescent  properties  of  semiconductor  photoelectrodes 

represent  a  powerful  technique  for  probing  recombination  processes  in  operating 

PECs.  The  key  finding  is  that  both  emission  intensity  and  photocurrent  of  n-type 

CdS:Te  and  CdS:Ag  photoelectrodes  are  influenced  by  experimental  PEC  parameters 

in  a  manner  consistent  with  band  bending  arguments  commonly  used  to  describe 

photoelectrochemical  phenomena.  Increases  in  emission  intensity  of  -15-100%  with 

ultraband  gap  U  <  500  ran)  irradiation  are  observed  with  increasingly  negative 

potentials;  simultaneously,  over  the  same  potential  range  the  photocurrents  in 
2-  2-  2-  2- 

aqueous  S  /Sn  or  Te  /Teg  electrolytes  decline  to  zero  and  underscore  the 
significance  of  the  depletion  region  in  determining  the  relative  rates  of 
electron-hole  separation  and  recombination.  Simply  put,  we  find  that  conditions 
minimizing  band  bending  in  Cd$:Te  and  CdS:Ag  photoelectrodes  lead  to  increased 
emission  intensity  and  reduced  photocurrents.  Ultraband  gap  photons  are  more 
effective  at  producing  photocurrent  and  less  effective  at  yielding  emission  than 
band  gap  edge  514.5  nm  light  because  a  greater  fraction  is  absorbed  within  the 
depletion  region.  It  is  gratifying  to  us  that  two  different  materials,  CdS:Te 
and  CdS:Ag,  with  different  emission  spectra  and  presumably  different  emissive 
mechanisms,  both  give  emissive  properties  corresponding  to  this  simple  model. 

The  polycrystallinity  of  the  melt-grown  CdS:Te  and  CdS:Ag  samples  and  lack  of 

knowledge  of  their  surface  composition  precludes  definitive  conclusions  regarding 

their  PEC  properties  relative  to  those  of  undoped  CdS.  However,  we  have  recently 

made  several  observations  which  cast  some  insight  In  this  direction.  First,  we 

have  found  that  etching  with  Br2/MeOH  leads  to  vastly  superior  PEC  properties 

relative  to  HC1  etching  (65,66).  With  respect  to  Table  III,  the  Br2/MeOH  etchant 

leads  to  3-5%  for  nmav  at  -500  nm  Input  light.  Output  vol tages  of  0.45  V  and  quantum 
max 


■HNWi 


20 

efficiencies  for  electron  flow  of  0.25  (at  n  1  and  0.35  maximum  are  typical. 

max 

These  values  are  almost  as  good  as  those  previously  reported  for  undoped  single 
crystal  CdS  samples  (5,6).  Additionally,  the  Br2/MeOH  treatment  leads  to  greater 
photocurrent  stability  and  far  less  surface  degradation  under  comparable  PEC 
conditions  (vide  supra.  Stability). 

These  observations  lead  us  to  believe  that  the  surface  produced  by  HC1  etching 
is  the  principal  source  of  poor  PEC  properties.  Chemically,  Te  and  Ag  are 
relatively  inert  to  HC1  compared  to  Br2/MeOH  and  the  former  etchant  may  not  produce 
as  uniform  a  surface.  The  differences  in  etchants  seem  to  be  real  and  reproducible-- 
a  sample  etched  with  HC1  and  exhibiting  poor  current-voltage  properties  can  be 
etched  with  Br2/MeOH  to  yield  good  properties  and  subsequently  re-etched  with 
HC1  to  regenerate  the  inferior  current-voltage  curves. 

A  second  observation  we  have  made  concerns  experiments  with  single  crystal 
100  ppm  CdS:Te.  As  described  in  the  section  on  Optical  Properties,  the  emission 
spectrum  of  the  single  crystal  material  matches  that  of  the  polycrystalline 
100  ppm  samples  and,  in  fact,  the  luminescence  efficiencies  are  very  similar. 

The  PEC  output  parameters  of  the  single  crystals  (Br2/MeOH  etch)  are,  however, 
markedly  better.  For  example,  we  have  observed  efficiencies  of  7.5%  (nmax)» 
output  voltages  at  ri  v  of  0.60V,  and  quantum  efficiencies  (#  )  atn  of  0.45. 

These  values  Indicate  that  grain  boundaries  may  exert  some  influence  on  output 
parameters.  A  more  dramatic  illustration  is  our  observation  that  the  15-100% 
increases  in  emission  intensity  with  potential  seen  with  polycrystalline  100  ppm 
CdS:Te  become  up  to  500%  Increases  with  single  crystal  samples!  Again,  this 
effect  is  observed  with  ultraband  gap  wavelengths;  at  514.5  nm  we  see  the  same 
independence  of  emission  intensity  on  potential  observed  with  polycrystalline 
samples. 

We  would  predict  that  the  effect  of  grain  boundaries  on  PEC  properties  would 
be  most  pronounced  if  they  occur  within  the  depletion  or  optical  penetration  regions 
of  the  semiconductor.  The  grain  size  of  3-8  mm  in  our  polycrystalline  samples  is 
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a  visual  surface  measurement  and  though  this  dimension  is  far  larger  than  the 
-3  -2 

10  -10  mm  depths  relevant  to  band  bending  and  optical  absorption,  we  have  no 
way  of  knowing  whether  grain  boundaries  exist  beneath  the  surface  at  tnese 
depths.  Even  beyond  these  depths,  the  boundaries  may  serve  as  nonradiative 
recombination  sites  and  quench  emission  and/or  photocurrent.  Further  studies  on 
the  role  of  grain  boundaries  are  in  progress  but  at  this  point  our  observations 
serve  to  emphasize  the  extent  to  which  current-voltage-luminescence  properties 
are  independent  of  sample  preparation. 

At  least  one  previous  effort  was  made  to  observe  the  luminescent  phenomena 
described  in  this  paper,  and  it  illustrates  the  potential  generality  of  the 
technique.  Memming  and  Beckmann  studied  photocathodic  evolution  of  H2  from  p-GaP 
electrodes  in  acid  medium  (44).  They  sought  evidence  for  the  quenching  of 
photoluminescence  by  the  passage  of  photocurrent  but  found  differences  in  emission 
intensity  of  only  a  few  percent  over  the  potential  range  examined.  A  more  sensitive 
differential  luminescence  technique  confirmed  their  observation.  Although  p-GaP, 
like  the  CdS:Te  and  CdS:Ag  samples  used  here,  is  unusual  with  respect  to  the 
intensity  of  emitted  light,  there  is  no  reason  why  more  weakly  emitting  photoelectrodes  i 
should  not  be  examined.  Many  of  the  materials  now  commonly  used  in  PEC  studies  are 
either  luminescent  at  room  temperature  or  may  be  doped  to  induce  emission  as  has 
been  done  with  CdS. 

Care  must  be  exercised  in  extending  results  for  doped  semiconductor  photo¬ 
electrodes  to  undoped  systems.  We  are  encouraged  by  the  insensitivity  of  the 
emission  spectra  of  CdS:Te  and  CdS:Ag  to  a  variety  of  experimental  conditions 

including  the  excitation  wavelength,  the  electrode  potential,  and  the  presence 
2-  2- 

of  S  /Sn  electrolyte.  We  feel  that  this  Is  strong  evidence  that  the  dopant 
Induced  states  and  valence  and  conduction  bands  all  undergo  parallel  band  bending. 

It  is  possible  that  the  dopant  states  can  Influence  Interfacial  electron  transfer 
processes,  but  more  systems  need  to  be  examined  to  determine  how  Important  this 
effect  will  be.  We  feel,  however,  that  at  this  point  there  are  enough  correlations 
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between  the  doped  and  undoped  CdS-based  PECs  to  make  the  pursuit  of  these 
systems  worthwhile. 
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Table  I.  Stability  of  n-type  CdS:Te  and  CdS:Ag  Photoelectrodes  In  Aqueous  Polychalcogenlde  Electrolytes. 
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Table  II.  Wavelength  Dependence  of  Emission  and  Photocurrent3 


Electrode15 

X, 

nm 

Relative  Emission  Intensity,  a.u.c 
Out  of  Circuit  In  Circuit 

Photocurrent 

uAd 

1.  CdS:Te 

514.5 

235 

232 

12 

5  ppm 

501.7 

187 

147 

85 

496.5 

147 

106 

84 

488.0 

116 

88 

72 

2.  CdS:Te 

514.5 

300 

295 

5 

1000  ppm 

501.7 

310 

281 

22 

496.5 

236 

204 

28 

488.0 

187 

158 

34 

3.  CdS:Ag 

514.5 

1623 

1612 

38 

10  ppm 

501.7 

355 

305 

395 

496.5 

227 

170 

347 

488.0 

158 

115 

287 

a  2- 

The  experiments  were  conducted  in  optically  transparent  1M  OH  /1M  S  electrolyte 

with  the  electrodes  at  -0.4  V  vs  SCE.  At  this  potential  the  photocurrent  is 

saturated  with  respect  to  potential.  Electrodes  were  excited  by  an  ~3  mm  dia 

Ar  ion  laser  beam  of  ~3  mW. 

bElectrodes  are  irregularly  shaped.  The  surface  area  exposed  to  the  electrolyte  is 

2 

0.15,  0.075  and  0.18  cm  for  electrodes  1,  2  and  3,  respectively.  The  fraction  of 

2 

the  electrode  illuminated  can  be  estimated  by  dividing  these  numbers  into  0.071  cm 
the  laser  beam  area. 

Relative  emission  intensity  was  measured  with  a  flat  wavelength  response  radiometer 
which  was  filtered  to  eliminate  the  exciting  wavelengths  and  positioned  to  sample 
front  surface  electrode  emission.  A  switch  on  the  PAR  potentiostat  permitted  the 
PEC  to  be  brought  in  and  out  of  circuit  without  disturbing  the  geometry.  For  a 
given  electrode  experimental  conditions  arc  identical  except  for  the  exciting 
wavelength.  The  emission  values  have  been  corrected  to  the  same  number  of 
einsteins/sec  at  each  wavelength;  however,  values  between  electrodes  cannot  be 
compared  because  different  geometries  and  light  intensities  were  employed. 

dPhotocurrents  have  been  corrected  for  each  electrode  to  equivalent  einsteins/sec. 
For  a  given  electrode  experimental  conditions  are  identical  except  for  the  exciting 
wavelength.  Values  between  electrodes  are  not  comparable;  cf.  footnote  c. 


Table  III.  Energy  Conversion  Characteristics* 


Property 

CdS:Te,  CdS:Ag-based 

PECb 

Undoped  CdS-based 

PFCb 

c 

nmax 

0. 1-1.0  % 

3-7  % 

Ev  @  "max'* 

0.20-0.30  V 

0.3-0. 4  V 

$x  ®  nmax 

0.01-0.05 

0.3-0. 5 

$x  maxf 

0.1 

0. 8-1.0 

Lum. 

0. 1-1.0  % 

$r(max)h 

0.01-0.10 

a  2 

Measures  of  efficiency  for  the  conversion  of  <10  mW/cm, -500  nm  monochromatic 

input  optical  energy  to  electricity  and/or  luminescence  in  aqueous  polysulfide 

media.  Listed  values  are  meant  to  be  representative. 

bThe  indicated  electrodes  serve  as  the  photoanodes  of  a  PEC  like  that  shown  in 
Figure  3.  Data  were  also  obtained  with  a  third,  reference  electrode  and  a 
potentiostat.  Undoped  CdS  data  were  taken  from  Refs.  5,6.  All  measurements 
were  made  with  samples  etched  in  cone.  HC1. 

cMaximum  efficiency  for  the  conversion  of  optical  energy  to  electricity.  Obtained 
from  current-voltage  curves  like  those  shown  in  Figures  8-10  by  maximizing  the 
product  of  output  voltage  (cf.  text  and  footnote  d)  and  photocurrent,  then  dividing 
by  input  optical  power. 

^Output  voltage  at  maximum  efficiency.  The  output  voltage  is  the  absolute  value  of 
the  difference  between  the  electrode  potential  on  the  current-voltage  curve  and 
Eredox'^or  *be  *w0  electr°de  cell  shown  in  Figure  3,  Ey  is  the  electrode  potential, 
since  0.0  V  is  Ered(JX  (4). 

e#x  is  the  quantum  yield  for  electron  flow  in  the  external  circuit,  measured  here 
at  the  potential  corresponding  to  maximum  efficiency. 


Table  III.  continued 


^The  maximum  value  of  4>x,  usually  measured  at  up  to  0.5  V  positive  of  Ere(jox 
where  the  photocurrent  Is  saturated  with  respect  to  potential. 

^Efficiency  for  the  conversion  of  optical  energy  to  luminescence,  defined  here 
as  (Energy  emitted)/ (Energy  absorbed).  A  flat  wavelength  response  radiometer 
is  used  to  estimate  the  energy  emitted,  cf.  text. 

Estimated  maximum  emission  quantum  efficiency,  defined  as  k  /][k.  and  as 

i  1 

(photons  emitted)/ (photons  absorbed).  Low  temperature  emission  spectra  of 
unmounted  CdS:Te  and  CdS:Ag  were  used  for  this  estimate,  see  Figure  11  and 
text. 


Figure  Captions 


Figure J •  Representation  of  the  dark  semiconductor  electrode  corresponding 

to  the  ground  state;  (b)  Irradiation  of  the  electrode  produces  the  excited  state 
which  is  deactivated  here  by  redox  reactions.  Ep  and  EBG  are  the  Fermi  level  and 
semiconductor  band  gap,  respectively.  Eredox  is  the  electrolyte  redox  potential. 

Band  bending  characteristic  of  the  depletion  region  formed  at  the  n-type  semiconductor- 
electrolyte  interface  is  also  shown. 

Fiacre  2.  Excited  state  deactivation  pathways  of  the  semiconductor  electrode. 

Wavy  arrows  signify  non-radiative  decay  routes:  kd,  and  kx  correspond  to 

electron-hole  recombination  leading  to  heat,  electron-hole  separation  leading 
to  photoanodic  decomposition,  and  electron-hole  separation  leading  to  electrolyte 
redox  reactions,  respectively.  The  straight  arrow  and  kr  correspond  to  radiative 
recombination,  the  source  of  luminescence.  Ed  is  the  thermodynamic  potential  for 
anodic  decomposition.  Intraband  gap  states  and  defects  which  might  play  a  role 
in  the  various  deactivation  routes  have  been  omitted  for  simplicity. 

Figure  3.  A  photoelectrochemical  cell  (PEC)  employing  n-type  CdS:Te  or  CdS:Ag 
photoelectrodes  luminesces  as  it  converts  optical  energy  to  electricity  via  a 
degenerate  electrolysis  reaction.  Polychalcogenide  electrolytes  have  been  chosen 
to  minimize  photoanodic  decomposition  of  the  electrode. 
figure  4-  Optical  density  of  polycrystalline  100  ppm  CdS:Te  (squares)  and 
1000  ppm  CdS : Te  (circles).  Thicknesses  are  2.0  and  2.2  mm,  respectively,  and 
samples  have  been  polished  with  1  micron  alumina.  The  "x"  is  a  literature  value 
optical  density  of  a  2  mm  thick,  undoped,  polished  CdS  single  crystal  (5). 

Figure  5.  Typical  295°K  emission  spectra  of  5,  100,  1000  ppm  CdS:Te  and  10  ppm 
CdS:Ag.  The  CdS:Te  samples  were  excited  at  488.0  nm  and  the  CdS:Ag  sample  at 
514.5  nm.  Spectra  are  uncorrected. 


Figure  6.  Uncorrected  emission  spectra  of  5  ppm  CdS:Te  in  various  environments 
but  in  a  fixed  geometry  relative  to  the  488.0  nm  laser  excitation  source  and 
emission  detection  optics.  For  curve  A  no  electrolyte  was  present;  curves  B 
and  C  were  both  taken  with  the  electrode  immersed  in  1M  0H~/1M  S^'/1M  S 
polysulfide  electrolyte  but  out  of  circuit  and  in  circuit  at  -0.74  V  vs  SCE, 
respectively.  The  sharp  intensity  drop  from  A  to  B  and  C  is  the  result  of 
electrolyte  absorption;  baseline  is  not  preserved  at  the  high  energy  end  of  the 
emission  spectrum  due  to  overlap  with  the  tail  of  the  excitation  line. 

Figure  7.  Uncorrected  emission  spectra  of  a  100  ppm  CdStTe  electrode  at  several 

2- 

potentials  in  1M  OH  /1M  $  /0.2M  S  electrolyte.  Curves  A,  B,  and  C  correspond 

to  identical  experimental  conditions  except  for  electrode  potentials  of  -0.3,  -0.8, 

and  -1.0  V  vs  SCE,  respectively.  The  excitation  wavelength  is  496.5  nm. 

Figure  8.  Dependence  of  photocurrent  (solid  line  and  left  hand  scale)  and 

relative  emission  intensity  (dotted  line  and  right  hand  scale;  monitored  at  600  nm) 

2- 

on  electrode  potential  for  a  100  ppm  CdS:Te-based  PEC  employing  1M  OH  /1M  S  /0.2M  S 
electrolyte.  The  photoelectrode  was  excited  with  ~4mW  of  496.5  nm  light.  Both 
measurements  were  made  simultaneously  at  a  sweep  rate  of  13  mV/sec  starting  at 
-0.3  V  vs  SCE.  Electrolyte  redox  potential  is  -0.70  V  vs  SCE.  The  3  mm  dla 
laser  beam  only  filled  part  of  the  irregularly  shaped  0.54  cm  electrode  surface. 
Figure  9.  Photocurrent  (left  hand  scale  and  solid  lines)  and  relative  emission 
intensity  (right  hand  scale  and  dotted  lines)  as  a  function  of  electrode  potential 
for  a  10  ppm  CdS:Ag-based  PEC  In  1M  0H‘/1M  S2’/0.2M  S  electrolyte.  Experimental 
conditions  in  the  top  and  bottom  figures  are  identical  except  that~15  mW  of 
496.5  nm  light  was  used  In  the  former  and  -11  mW  of  514.5  nm  light  in  the  latter. 
Emission  intensity  in  both  cases  was  monitored  at  670  nm;  the  points  labelled 
"100"  on  the  relative  emission  Intensity  scales  are  about  the  same  absolute 
intensity.  Photocurrent  and  emission  Intensity  measurements  were  made 
simultaneously  at  a  sweep  rate  of  13  mV/sec  starting  at  -0.3  V  vs  SCE.  The 


electrolyte  redox  potential  Is  >0.70  V  vs.  SCE.  Electrode  surface  area 

2 

exposed  to  the  electrolyte  Is  >0.21  cm  and  only  partially  filled  by  the  3  inn  dla 
laser  beam. 

Figure  10.  Photocurrent  (left  hand  scale  and  filled  circles)  and  relative  emission 
intensity  (right  hand  scale  and  open  circles)  as  a  function  of  electrode  potential 
for  a  5  ppm  CdS:Te  electrode  in  5M  K0H/0.05M  Te^"/0.01M  electrolyte. 

Emission  intensity  was  monitored  with  a  flat  response  radiometer  suitably  filtered 
to  eliminate  the  excitation  lines  of  496.5  nm  (top  figure)  and  514.5  nm  (bottom  figure). 
The  emission  intensity  point  labelled  "100“  on  the  top  figure  is  approximately 
one-half  the  value  of  "100"  on  the  bottom  ftgure.  Excitation  Intensities  are 
comparable  at  >10  mW.  The  electrolyte  redox  potential  Is  -1.04  V  vs.  SCE. 

Electrode  surface  area  exposed  to  the  electrolyte  is  -0.12  cm  and  about  half 
filled  by  the  3  mm  dia  laser  beam. 

Figure  11.  Uncorrected  emission  spectra  of  50  ppm  CdS:Te  at  77°K  (solid  line) 
and  295°K  (dotted  line;  ten  times  scale  expansion).  The  sample  was  excited 
with  identical  Intensities  of  488.0  nm  light  at  the  two  temperatures . 
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